Animal studies implicate the amygdala and its connections in the recognition of aversive stimuli. A recent PET study demonstrated that the human amygdala and left orbitofrontal cortex show substantial increases in regional cerebral blood flow (rCBF) during exposure to aversive odourants. To examine if aversive gustatory stimuli similarly activate these regions, nine healthy women tasted an aversive saline solution, pure water and chocolate while rCBF was measured with PET. The aversive saline condition, when contrasted with the water condition,
Introduction
Electrophysiological and lesion studies in a number of mammalian species indicate that the amygdala plays a critical role in evaluating the affective significance of stimuli in many sensory modalities (LeDoux, 1987; Davis, 1992) . Recently, we demonstrated that humans show large bilateral increases in amygdala activity during exposure to highly aversive odourants (Zald and Pardo, 1997) . This response exceeded that seen with pleasant or neutral odourants. Although the amygdala receives particularly direct projections from the olfactory system, it seems unlikely from the animal literature that the response of the human amygdala to aversive stimuli is confined to the olfactory domain.
Like the olfactory system, the gustatory system possesses relatively direct projections to the amygdala. Substantial gustatory information reaches the lateral, basal and central nuclei of the amygdala directly from the insular primary gustatory region (Turner, 1980) . Additional gustatory afferents may also reach the amygdala from the caudolateral orbitofrontal cortex and gustatory responsive nuclei in the brainstem and thalamus (Norgren, 1976; Beckstead et al., 1980; Turner and Herkenham, 1981; Yasui et al., 1984; Amaral et al., 1992) . Consistent with these multiple projections, several discrete nuclei within the amygdala
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increased activity in the right amygdala, left anterior orbitofrontal cortex, medial thalamus, pregenual and dorsal anterior cingulate, and the right hippocampus. The right amygdala, left orbitofrontal cortex and pregenual cingulate remained significantly activated when saline was compared with chocolate. The present results indicate that the amygdala and orbitofrontal cortex respond to aversive stimuli in both the olfactory and gustatory modalities, and highlight the role of the pregenual cingulate in negative emotional processing.
possess cells with gustatory responses (Azuma et al., 1984; Scott et al., 1993; Yasoshima et al., 1995) . Electrophysiological and lesion data indicate that the amygdala is probably not necessary for basic sensory perception and discrimination of taste (Aggleton, 1992; Scott et al., 1993) However, lesions of the amygdala in animals critically impair their ability to directly associate gustatory stimuli with stimuli from other sensory modalities (Kennie and Nagel, 1973; Arthur, 1975; Mikulka et al., 1977; Gaffan and Murray, 1990) . Moreover, bilateral amygdalectomies in non-human primates produce marked alterations in feeding behaviour including the ingestion of substances that normal animals find unpalatable (Klüver and Bucy, 1937) . Based upon this behavioural evidence and our previous findings with olfactory stimuli, we hypothesized that exposure to aversive gustatory stimuli would significantly increase activity within the human amygdala.
We similarly hypothesized that aversive gustatory stimuli would increase activity within the orbitofrontal cortex. The orbitofrontal cortex receives significant projections from both the primary gustatory cortex and the amygdala (Amaral et al., 1992; Baylis et al., 1995; Carmichael and Price, 1995; Zald and Kim, 1996a) , placing it in a position to code or process information about the motivational value of gustatory stimuli. Lesions of the orbitofrontal cortex in non-human primates produce impairments that resemble those observed following amygdala lesions, including deficits in associating gustatory reinforcers with neutral stimuli and Klüver-Bucy-like abnormalities in eating behaviour (Butter et al., 1969; Ursin et al., 1969; Gaffan and Murray, 1990; Baylis and Gaffan, 1991) . Furthermore, orbitofrontal cortex activity (particularly in the left hemisphere) has been observed in a number of PET studies involving negative emotional inductions (Pardo et al., 1993; Rauch et al, 1994 Fischer et al., 1996) , including exposure to aversive odourants (Zald and Pardo, 1997) .
To examine whether an unconditioned aversive gustatory stimulus would activate the amygdala and orbitofrontal cortex in humans, we measured regional cerebral blood flow (rCBF) with PET while subjects tasted an aversive saline solution. Attempting to taste water served as the primary control condition, and as an additional gustatory control condition, subjects were scanned while tasting chocolate. This allowed an examination of whether regions activated by saline are similarly activated by other gustatory stimuli, and whether saline, perceived as highly unpleasant, differentially activate limbic regions relative to a highly pleasant gustatory stimulus.
Methods

Subjects
Ten right-handed female subjects (mean age 37 years, range 25-62 years) were studied with PET while tasting either saline solution, pure water or chocolate. Only women were studied in order to maximize the likelihood of intense emotional experiences (Shields, 1991) , and for consistency with our previous study of aversive olfaction which utilized only women (Zald and Pardo, 1997) . All subjects gave informed consent approved by the VAMC Human Subjects Committee and Radioactive Drug Research Committee. One subject was excluded due to motion during the saline condition (see below) leaving a total of nine subjects with valid data for all conditions.
Experimental design
The stimulus in the aversive saline condition consisted of a 5% solution of iodized NaCl dissolved in deionized distilled water at room temperature. The stimulus for the pure water condition consisted of deionized distilled water at room temperature. The chocolate stimulus consisted of 3 g of Hershey's Symphony Chocolate (Hershey's, Hershey, Pa., USA). In the saline and pure water conditions, 3 ml of the fluid was injected~5 s before the start of scan acquisition into the mouth through a small plastic cannula held between the teeth. An additional 2 ml of fluid was slowly injected into the subject's mouth during the course of the next 45 s. Prior to fluid injection, subjects received the following instructions: 'You are about to receive a liquid in your mouth. Close your eyes, and see if you can taste anything. When you feel the liquid in your mouth, swish it around a couple of times and then allow your tongue to rest. If there is too much fluid in your mouth, go ahead and swallow.' In the chocolate condition, the chocolate was placed on the tip of the subject's tongue 5 s before the start of scan acquisition, and subjects were instructed, 'Close your eyes, and see if you can taste anything. When you feel something on your tongue, close your mouth, swish it around a couple of times, and then allow your tongue to rest.' After each condition, subjects rated the stimulus for pleasantness-unpleasantness on an 11-point visual analogue scale with anchors at 0 (extremely unpleasant), 5 (neutral) and 10 (extremely pleasant), and intensity, also on an 11-point visual analogue scale with anchors at 0 (undetectable) and 10 (extremely intense). Subjects were informed that they would receive an unpleasant taste during one scan condition, but were blind to the scan number for that condition, the identity of the stimulus and to its degree of unpleasantness. Subjects also did not know what other gustatory stimuli they would receive for the other scans. However, when subjects completed the saline condition before the water and/or chocolate condition, they were told that they would not receive another unpleasant taste. Five of the subjects with valid scans received the chocolate condition before the saline condition, while four of the subjects received the saline first. Because of the odd number of subjects providing valid scans, it was not possible to fully counterbalance the conditions. However, post hoc analysis provided no evidence of an order effect.
PET imaging and analysis
The rCBF was estimated from normalized (1000 counts) tissue radioactivity using a Siemens ECAT 953B camera (Knoxville, Tenn., USA) with septae retracted; a 'slow-bolus' injection of H 2 15 O (an initial dose of 814 MBq or 22 mCi infused at a constant rate over 30 s; Silbersweig et al., 1993) was followed by a 90 s scan acquisition beginning upon radiotracer arrival into the brain (10 min inter-scan intervals). Images were initially reconstructed with a 3D reconstruction algorithm using a 0.5 cycles-per-pixel Hanning filter (Kinahan and Rogers, 1989) and attenuation correction using a 2D transmission scan. Measured coincidences were corrected for random events and electronic dead time, but not for decay or scatter. Following reconstruction, images were visually inspected for motion artefacts using ANALYZE (BRU, Mayo Foundation, Rochester, Minn., USA). Movement between scans was empirically quantified through examination of shift and rotation parameters from automated co-registration files (Minoshima et al., 1992) . One subject was excluded because she moved her head substantially during the course of the saline condition. This problem did not occur with the other subjects, but initial examination of motion artefacts and registration data indicated that some of the subjects moved between scans. Such movement may cause artefacts in ventral regions of the brain as a result of misalignment of emission scans with transmission scans (Huang et al., 1979) . To eliminate this potential source of error, we implemented a realignment procedure similar to that described by Andersson et al. (1995) ; before attenuation correction, each emission scan was coregistered to the subject's first emission scan, using Automated Image Registration (Woods et al., 1992) . Normalization for global activity, co-registration within each study session, placement of the intercommissural line from image fiducials, and linear warping of each subject's scans to a reference stereotactic atlas (Talairach and Tournoux, 1988) were subsequently accomplished with software provided by Minoshima and co-workers (Minsohima et al., 1992 . Images were blurred with a 3-pixel 3D Gaussian filter producing a final image resolution of~10 mm full-width at half-maximum and a mapping resolution of Ͻ2 mm (Fox et al., 1986) .
Pixel-wise subtractions were performed to determine activations occurring in the saline condition relative to the water condition. Statistical analysis employed the global variance of all intracerebral pixels (Worsley et al., 1992) . A threshold of P Ͻ 0.0005 (equivalent to a Z-score of 3.3) was selected for the analysis of the contrast between saline and pure water conditions. This threshold is slightly more conservative than the P Ͻ 0.001 cutoff frequently used in pixel-wise analyses of PET images. The more stringent P Ͻ 0.0005 threshold was based on a bootstrapping study of 60 subjects scanned twice while resting with their eyes closed. This bootstrapping analysis indicated that, on average, the imaging techniques used in this study produce approximately one false positive focus (emerging due to chance) with a sample size of nine subjects. Because the goal of the saline versus chocolate comparison was to elucidate the nature of activity in these areas rather than to perform another exploratory analysis, a threshold of P Ͻ 0.001 was adopted for areas already identified in the other comparison. However, regions which failed to reach significance in the initial saline versus water comparison are only reported if they meet the P Ͻ 0.0005 criterion in the saline versus chocolate comparison.
Results
All nine subjects with valid scans rated the saline solution as highly aversive (mean ϭ 0.9; range 0-2.5 on the 11-point scale) and highly intense (mean ϭ 8.9; range 6-10). In contrast, only one subject reported detecting any taste during the pure water condition and this was described as barely detectable. The chocolate was rated as highly pleasant (mean ϭ 9.0; range 8-10) and moderately intense (mean ϭ 6.8; range 5-8.5). These ratings indicate that the chocolate and saline conditions were well matched for hedonic strength (i.e. absolute deviation from a neutral rating of 5.0), but the saline was slightly more perceptually intense than the chocolate. Subjects frequently described experiencing muscle tension during the saline condition. None of the subjects Stereotactic coordinates (mm) identify the location of the rCBF maxima according to the atlas of Talairach and Tourneau (1988) . reported feeling disgust or fear, but they all indicated a dislike for the saline. In comparison, subjects frequently stated that the chocolate relaxed them, and several subjects asked for additional chocolate upon completion of the scan session. Table 1 shows brain regions activated in the contrast between tasting saline and tasting pure water. The largest rCBF increase in the saline condition was localized to the medial thalamus in the region of the dorsomedial and midline (intermediodorsal) nuclei. The peak of this diencephalic focus occurred in the right hemisphere, but the focus extended into the left hemisphere and may represent a bilateral response (see Fig. 1 ). Tasting saline also induced significant rCBF increases in the pregenual and dorsal anterior cingulate, left orbitofrontal cortex, right amygdala and right anterior hippocampus. Figure 2 shows the location of rCBF increases in the right amygdala and hippocampus. The focus in the left orbitofrontal cortex involved an anterior medial region located along the superior apex of the 'H-shaped' orbital sulcus (Mai et al., 1997) . Also a modest non-significant activation was localized to the right orbitofrontal cortex in Brodmann area (BA) 11 (at coordinates x ϭ -17, y ϭ 37, z ϭ -14; Z-score ϭ 3.0), indicating that the orbitofrontal cortex response to aversive saline was not completely lateralized.
Many of these regions exhibited statistically significant activity in the contrast between the saline and chocolate Medial thalamic and cingulate activation arising in the contrast between tasting aversive saline and tasting pure water. The image displays activity above a significance threshold of P Ͻ 0.001 (hotter colours denote greater activation) superimposed on a surface rendering of the medial wall of the brain. The image only displays the maximum activity occurring within 4 pixels (9 mm) of the medial wall. The left hemisphere of the brain is displayed at the top of the figure. conditions (see Table 2 ). Foci emerging in this comparison included the pregenual cingulate, left orbitofrontal cortex and right amygdala. Figure 3 shows the location of the left orbitofrontal cortex focus in the saline versus chocolate comparison. Subjects also demonstrated hippocampal (x ϭ -28, y ϭ -19, z ϭ -18; Z-score ϭ 2.8) and thalamic activity (x ϭ -1, y ϭ -22, z ϭ 7; Z-score ϭ 2.5), but neither of these reached statistical significance at the P Ͻ 0.001 cutoff. Unexpectedly, the saline condition produced significantly greater activity than the chocolate condition in the right anterior insula in the vicinity of presumed primary gustatory cortex, even though both conditions involved gustatory stimulation. The primary motor cortex (BA 4) also showed increased activity in this contrast, suggesting that there was more tongue movement during the saline condition.
The contrast between the chocolate and pure water conditions revealed no significant increases in activity in the amygdala, orbitofrontal cortex or pregenual cingulate. It may be noted that some subjects showed rCBF increases in the right amygdala in the chocolate condition, but these increases were inconsistent, and several of the subjects showed rCBF decreases. Interestingly, the two subjects showing the greatest amygdala responses (11.5% and 13.9% rCBF increases) in the chocolate versus water contrast also showed the greatest rCBF increases (22.1% and 22.6%) in the contrast between the saline and water conditions. The most robust increase in the chocolate versus water contrast was localized to the posterior cingulate [BA 31; two peaks, at x ϭ -12, y ϭ -40, z ϭ 36 (Z-score ϭ 4.6) and x ϭ -3, y ϭ -42, z ϭ 36 (Z-score ϭ 4.5)]. A dorsal anterior cingulate focus also emerged in BA 24 (x ϭ -6, y ϭ -24, z ϭ 38; Z-score ϭ 4.3) at similar coordinates to those appearing in the contrast between the saline and water conditions. Therefore, the dorsal anterior cingulate responds similarly to both pleasant and aversive gustatory stimuli, which hence cancel each other in the contrast between the saline and chocolate conditions. Finally, the chocolate condition produced activation in the right dorsomedial thalamic region which failed to reach statistical significance (x ϭ 6, y ϭ -15, z ϭ 9; Z-score ϭ 2.8).
The restricted range of hedonic (pleasantnessunpleasantness) ratings of saline limits the utility of performing parametric or correlational analyses between rCBF and psychoperceptual ratings. Five subjects rated the stimulus as extremely unpleasant (i.e. hedonic ratings of 0.0) and four subjects rated it as moderately unpleasant (ratings of 2.0-2.5). To determine whether the perceived degree of aversiveness influenced rCBF, we split subjects into those with moderately unpleasant and extremely unpleasant experiences, based on their subjective ratings to saline. The percentage rCBF increase for the two groups was calculated by averaging all pixels within spherical (4.5 mm radius) regions of interest. These regions of interest were centred on the peak coordinates defined by the saline minus water comparison, except in the case of the right amygdala, where the region of interest was centred on the peak coordinates from the saline minus chocolate comparison to ensure that the region of interest remained limited to the amygdala proper. Table 3 lists the rCBF increases for activity within pregenual cingulate, medial thalamic, orbitofrontal, amygdala and hippocampal regions of interest for the two subject groups. The hippocampus showed the most dramatic difference between the two groups, increasing 10% more in the extremely unpleasant group than in the moderately unpleasant group. The pregenual cingulate only showed substantial rCBF increases in the subjects who perceived the stimulus as extremely aversive. In contrast, the right amygdala, medial thalamus and left orbitofrontal cortex all showed robust responses regardless of whether subjects rated saline as moderately or extremely unpleasant. To determine whether additional regions were specific to the sub-sample experiencing the saline as extremely aversive, we performed a post hoc pixel-wise comparison between the saline and water conditions for the five subjects rating the saline as extremely aversive. This increased the detection sensitivity which might have been decreased in the full group comparison. Several right hemisphere foci emerged in this comparison which had not reached statistical significance in the full group analysis. The largest of these additional responses arose in the right frontal pole (x ϭ 21, y ϭ 50, z ϭ 2; Z-score ϭ 3.9). A right pregenual cingulate focus (BA 32; x ϭ 10, y ϭ 28, z ϭ -9; Z-score ϭ 3.8) appeared in addition to the previously reported left cingulate focus. This confirms that the right hemisphere pregenual cingulate activity observed in Fig. 2 most probably reflects bilateral activity rather than blurring from a left hemisphere focus. The analysis also revealed bilateral medial thalamic activation (x ϭ 6, y ϭ -19, z ϭ 9; Z-score ϭ 3.7 and x ϭ -1, y ϭ -22, z ϭ 9; Z-score ϭ 3.8). Finally, a right anterior insular region was activated in this condition (x ϭ -35, y ϭ 10, z ϭ -2; Z-score ϭ 3.6), with four of the five subjects showing a Ͼ12% increase in right insular rCBF. These analyses indicate that some brain regions only respond robustly when saline is experienced as highly aversive, and these rCBF responses may be obscured when subjects with more moderate hedonic responses are pooled with subjects with more dramatic subjective responses to saline.
To examine the functional interactions between limbic regions activated by saline, we examined the correlation between rCBF within regions of interest selected from the saline and water contrast. Non-subtracted rCBF for regions of interest within the saline and water conditions were separately submitted to correlational analysis. Interpretation of such an analysis must be considered exploratory due to the small sample size and the multiple structures activated in the contrast between saline and water conditions. Nevertheless, such analyses provide valuable information in instances where brain regions are functionally coupled . Regions of interest were defined as described above; however, instead of examining the change in rCBF between conditions, rCBF was calculated separately within the saline and water conditions. These analyses revealed a tight coupling of activities in the left pregenual cingulate and the left anterior orbitofrontal cortex during the saline condition (r ϭ 0.81, P Ͻ 0.01). In contrast, the activity in these regions were not significantly correlated in the water condition (r ϭ 0.27, P Ͼ 0.10). No other regions showed significant functional coupling in the saline or water condition, although activity in the right amygdala showed a tendency to be linked with that in the right hippocampus (r ϭ 0.55, P Ͻ 0.10) and the left orbitofrontal cortex (r ϭ 0.51, P Ͻ 0.10) in the saline condition.
Discussion
The current study demonstrates that exposure to an aversive gustatory stimulus activates a network of limbic structures involving the amygdala, pregenual cingulate and orbitofrontal cortex. Subjects showed increased activity in these regions when tasting aversive saline, relative to attempting to taste pure water and to tasting chocolate. Because the saline and pure water conditions were matched for temperature and volume of fluid, the observed activations cannot be attributed to non-gustatory sensory aspects of intraoral stimulation (e.g. somatosensory or thermal coding). These activations probably do not reflect basic gustatory processing, since these areas remained significantly activated when saline was contrasted with another gustatory stimulus. Furthermore, the ability of saline, relative to chocolate, to activate these regions does not appear to reflect differences in the hedonic strength of the two stimuli, since subjects rated both stimuli as strong. Rather, the rCBF increases in the amygdala, pregenual cingulate and anterior orbitofrontal cortex appear to reflect specifically the recognition, experience and/or response to the aversive quality of the saline.
The ability of an aversive gustatory stimulus to activate the amygdala robustly converges with our previous finding that exposure to aversive odourants activates the amygdala (Zald and Pardo, 1997) . It is also consistent with a recent PET study of unpleasant visual stimulation, which demonstrated an increase in amygdala rCBF (Lane et al., 1997b) . Taken together, these findings support the hypothesis that the human amygdala plays a multimodal role in the recognition, evaluation and/or response to aversive stimuli. In both the present gustatory study and our previous olfactory study (Zald and Pardo, 1997) , subjects rated the stimuli as moderately to extremely aversive and highly arousing. We have not observed substantial increases in amygdala activity when subjects rate odours or tastes as only mildly unpleasant. The strength of the subjective experience of aversiveness may underlie the ability of these gustatory and olfactory paradigms to activate the amygdala strongly. This interpretation converges with animal studies which indicate that amygdala lesions critically impair the acquisition of conditioned emotional responses to neutral stimuli that are paired with highly aversive or highly arousing stimuli, while leaving conditioning to mildly unpleasant, non-arousing stimuli unimpaired (Cahill and McGaugh, 1990) .
Unexpectedly, the amygdala activation occurred only in the right hemisphere. This contrasts with our previous finding of bilateral amygdala activation during aversive olfaction (Zald and Pardo, 1997) . The reason for this lateralized response is unclear, although it may reflect a right dominance for some aspects of gustatory processing. Patients with right anterior temporal lobectomies have been observed to demonstrate elevated taste recognition thresholds for citric acid relative to patients with left anterior temporal lobectomies (Small et al., 1997a ; but see Henkin et al., 1977) . This pattern of right dominance for anterior temporal lobe processing of citric acid has also been confirmed with PET (Small et al., 1997a) . In the present study, a similar pattern of laterality was evident in the insula, which only showed increased activity in the right hemisphere.
The peak focus in the amygdala region for the saline minus water comparison lies at the extreme anterior end of the amygdala as defined by the atlases of Talairach and Tournoux (1988) and Mai et al. (1997) . Given the spatial resolution of current PET techniques and inter-subject anatomical variability, this focus may include cortex slightly anterior to the amygdala. Indeed, we have observed activity in the vicinity of the pyriform cortex (anterior to the amygdala) in some taste experiments (D.H.Z. and J.V.P., unpublished observations). The right anterior temporal lobe focus reported by Small et al. (1997a) in subjects tasting citric acid also falls slightly anterior and medial to the Talairach coordinates for the amygdala. However, activity in the anterior amygdala/pyriform area largely cancels when tasting saline is compared with tasting chocolate, leaving a discrete focus centred more posteriorly within the amygdala. This more posterior focus falls solidly within the Talairach and Tournoux (1988) and Mai et al. (1997) coordinates for the amygdala, and remains clearly distinct from the hippocampal focus which lies 11 mm posterior.
Recordings of single units in non-human primates suggest that gustatory reward may also activate the amygdala (Azuma et al., 1984; Ono and Nishijo, 1992) . However, we did not observe consistent evidence of amygdala activation in the contrast between the chocolate and water conditions. Furthermore, the aversive saline condition activated the amygdala at similar levels when compared with either water or chocolate. Although some subjects showed rCBF increases in the amygdala region of interest when tasting chocolate relative to tasting water, these increases were inconsistent across subjects. The possibility that water to some extent obscured the ability to observe amygdala responses to chocolate requires consideration. A few amygdala cells show responses to water in electrophysiological studies of nonhuman primates (Nishijo et al., 1988) . Indeed, we have observed moderate rCBF increases in the right amygdala region in subjects attempting to taste water relative to a resting condition (D.H.Z. and J.V.P., unpublished observation). This may reflect the role of water as a reinforcer in its own right. Nevertheless, saline activates this area substantially more than water does, whereas chocolate does not. A small percentage of amygdala cells also respond to intra-oral thermal or tactile information (Azuma et al., 1984; Nishijo et al., 1988; Scott et al., 1993) . Such thermal and tactile factors were well matched in the saline versus pure water comparison, but not adequately controlled in comparisons involving chocolate and either water or saline. Despite this potential problem, the greater amygdala activation during aversive as compared with pleasant gustatory stimulation converges with a growing literature demonstrating greater involvement of the human amygdala in negative emotional processing than positive emotional processing (Gloor, 1990; Adolphs et al., 1995; Breiter et al., 1996; Irwin et al., 1996; Ketter et al., 1996; Morris et al., 1996; Young et al., 1996; Lane et al., 1997b; Scott et al., 1997) .
In addition to activating the right amygdala, saline activated several closely interconnected limbic and paralimbic regions. The amygdala, pregenual cingulate, orbitofrontal cortex and medial thalamus (dorsomedial and midline nuclei) all connect with one another through direct and mostly reciprocal connections (Pandya et al., 1981; Vogt and Pandya, 1987; Amaral et al., 1992; Neafsey et al., 1993; Ray and Price, 1993; Van Hoesen et al., 1993; Groenewegen and Berendse, 1994; Baylis et al., 1995; Carmichael and Price, 1995; Zald and Kim, 1996a; Bachevalier et al., 1997) . The areas activated by saline thus conform closely to a widespread distributed limbic/paralimbic network.
Anatomical and functional studies highlight the close functional interaction between the orbitofrontal cortex and amygdala (Zald and Kim, 1996a, b; . The ability of aversive saline to activate the human orbitofrontal cortex converges with electrophysiological data from nonhuman primates demonstrating the presence of orbitofrontal cortex cells with specific responses to aversive saline (Thorpe et al., 1983; Rolls et al., 1990) . Single cell recordings in monkeys suggest that the human orbitofrontal cortex should also possess cells responsive to rewarding gustatory stimuli such as chocolate (Thorpe et al., 1983; Rolls et al., 1990) . However, we failed to observe significant increases in the orbitofrontal cortex during exposure to chocolate compared with water. In fact, half of the subjects showed greater rCBF within the anterior orbitofrontal region of interest when tasting water than when tasting chocolate. Furthermore, comparison of saline with chocolate instead of water did not reduce the magnitude of the left orbitofrontal cortex focus.
The orbitofrontal cortex (particularly the left orbitofrontal cortex) emerges as one of the most frequently activated regions during aversive sensory and psychological experiences (Pardo et al., 1993; Rauch et al., 1994; Fischer et al., 1996; Zald and Pardo, 1997) . However, the specific foci activated within the orbitofrontal cortex tend to vary depending on the sensory modality and experimental paradigm, perhaps reflecting the large differences in sensory and limbic afferents that distinguish orbitofrontal cortex subregions Price, 1995, 1996) . It may be noted that the left orbitofrontal cortex focus in the current study appears too anterior to represent the caudolateral orbitofrontal cortex area identified as secondary gustatory cortex in monkeys (Rolls, 1989; Rolls et al., 1990 ). This anterior-medial region is more likely to represent a heteromodal association region which receives gustatory information secondary to the caudolateral orbitofrontal cortex (Rolls and Baylis, 1994; Carmichael and Price, 1995; .
The medial thalamus emerged as the region with the largest magnitude activation in the saline versus water comparison. Like lesions of the orbitofrontal cortex and amygdala, dorsomedial thalamic lesions disrupt the ability to form direct associations between visual stimuli and gustatory reinforcers (Gaffan and Murray, 1990) . Thalamic lesions that include the dorsomedial nucleus frequently disrupt the acquisition of avoidance learning and other conditioned emotional responses (Buchanan and Powell, 1993; Gabriel, 1993) . Human data also indicate that medial thalamic areas are activated during exposure to visual stimuli perceived as disgusting (Lane et al., 1997a; Paradiso et al., 1997) . However, the dorsomedial thalamic activity appears less clearly specific to the aversive condition. Chocolate (when compared with water) produced moderate, albeit non-significant, increases in right medial thalamic rCBF, and the comparison between saline and chocolate failed to produce a statistically significant activation in this region. Furthermore, this area showed robust rCBF increases (Ͼ11%) regardless of whether subjects found the saline moderately or extremely aversive. This indicates that the medial thalamus probably plays a relatively balanced role in the processing of gustatory stimuli, which is not restricted by the intensity or direction of the hedonic experience. This conclusion converges with evidence that visual stimuli that induce positive emotions often produce rCBF increases in the thalamus similar to those with visual stimuli that induce negative emotions (Lane et al., 1997a, b; Reiman et al., 1997) . It also appears consistent with a recent case report in which a dorsomedial thalamic lesion in a 68-year-old woman produced changes in the hedonic perception of tastes, particularly causing previously pleasant stimuli to be perceived as neutral or unpleasant, without altering basic olfactory and gustatory identification (Rousseaux et al., 1996) .
Exposure to aversive saline induced activity in multiple portions of the cingulate cortex. However, only the activity in the inferior, pregenual portions of the cingulate (BA 24 and adjacent BA 32) remained significant when saline was compared with chocolate, indicating a valence-specific response (unpleasant distinct from pleasant). Furthermore, this region appeared heavily influenced by the strength of the subjective experience with large rCBF increases (Ͼ6%) in both the left and right pregenual cingulate occurring only in subjects who found the stimulus extremely aversive. The large dependence of pregenual cingulate activity upon the hedonic significance of the stimulus argues against a role in basic taste processing. This inferior pregenual cingulate region has previously been implicated in affective behaviour (Devinsky et al., 1995) . Animal studies implicate this region in aspects of avoidance learning and emotional conditioning (Buchanan and Powell, 1993; Gabriel, 1993) . Recent neuroimaging studies of anxiety, fear, dysphoria and depression also implicate the inferior-medial frontal lobe in unpleasant emotional states (George et al., 1995; Rauch et al., , 1996 Drevets et al., 1997; Mayberg et al., 1997; Shin et al., 1997) . The current findings thus converge with both animal and human data, in highlighting the importance of the inferior-medial frontal cortex in negative emotional experiences. In contrast, the more dorsal anterior and midcingulate regions did not exhibit a similar level of specificity to aversive gustatory stimulation. For instance, the dorsal anterior cingulate responded equally well to both chocolate and saline in comparison to water.
The hippocampal activation was unexpected. Although the hippocampus is directly or indirectly connected with several other areas activated by saline, including the amygdala (Amaral, 1986; Saunders et al., 1988) , midline thalamus (Groenewegen and Berendse, 1994) , pregenual cingulate and anterior medial orbitofrontal cortex (Vogt and Pandya, 1987; Van Hoesen et al., 1993; Carmichael and Price, 1995; Zald and Kim, 1989) , it has not been commonly observed in previous neuroimaging studies of emotion. Interestingly, in a recent PET study, there was coactivation of the left amygdala and left hippocampus in subjects viewing unpleasant pictures (Lane et al., 1997b) . In both the study of Lane et al. (1997b) and the present study, the hippocampal activation occupied an anterior portion of the hippocampus, and occurred ipsilateral to the amygdala activation. The present data further suggest that hippocampal activation primarily occurred among subjects who found the saline extremely aversive. This could reflect a gating process through which highly arousing stimuli preferentially gain access to hippocampal mnemonic processes. Data from both humans and animals highlight the importance of the amygdala for the emotional enhancement of memory (Markowitsch et al., 1994; Cahill et al., 1995 Cahill et al., , 1996 McGaugh et al., 1996) . The current data raise the possibility that the amygdala accomplishes this enhancement by modulating hippocampal processing when stimuli are perceived as extremely aversive or arousing.
The right anterior insula showed activations in both the contrast of saline versus chocolate, and the contrast of saline versus water, when the latter contrast was limited to subjects who perceived the saline as extremely aversive. This insular focus is consistent with the location of primary gustatory cortex as identified in non-human primates Norgren, 1990) . The insular focus in the saline versus water contrast arose despite the ability of water to activate this region relative to resting conditions (D.H.Z. and J.V.P., unpublished observations). Whether this response reflects taste processing itself, or a neural correlate specific to highly aversive gustation, remains unresolved, since the insular activation failed to reach significance when all subjects were included in the analysis. That this insular focus again emerged in the saline minus chocolate comparison (even though both conditions involved gustatory stimulation) supports the hypothesis that insular activity reflects the aversive nature of saline. However, a recent PET study demonstrated greater insular activity during exposure to basic tastants than during combined gustatory/olfactory stimulation (Small et al., 1997b) . Since chocolate possesses both gustatory and olfactory properties, it remains possible that the observed insular activity in the saline versus chocolate comparison reflects basic taste processing, rather than being a specific correlate of aversive gustation.
A potential limitation of the current study involves the use of a single continuous stimulus presentation per 90 s scan period. Cells in the gustatory system frequently show rapid habituation during extended exposure to stimuli. This may explain the inconsistencies in anterior insular activity and the lack of significant rCBF increases in the frontal operculum. While the continuous presentation of gustatory stimuli may reduce activation in primary gustatory cortex, the long duration of stimulation may increase the intensity of the aversive experience. Subjects frequently commented that the length of the scan made the saline condition more aversive because they were unable to stop or ignore the unpleasant sensation. This protracted experience may thus aid the ability to activate areas involved in the hedonic processing of tastants relative to regions processing their primary sensory properties.
In conclusion, tasting aversive saline activates a network of interconnected limbic and paralimbic structures. The present data indicate that several of these areas participate in the evaluative or motivational aspects of the aversive experience rather than reflecting basic sensory coding of gustatory stimuli. Disruption of such evaluative or motivational processes by lesions in these regions could lead to an inability to recognize and learn which foods are unpalatable (as occurs in the Klüver-Bucy syndrome). Moreover, the capacity of these regions to respond during exposure to aversive stimuli may underlie their role in avoidance learning and emotional conditioning.
